Purpose. To study the time course of visual cell damage resulting from hyperthermic light exposure and the possible involvement of rod outer segment (ROS) lipids in the process.
Ijince the discovery of light-induced retinal degeneration by Noell et al 1 in 1966 , much has been learned about this pathologic process. It is now known that light damage is species specific and that it is dependent on the duration and intensity of light during exposure and on the nature of the absorbing chromophores within the retina.
1 " 6 The age of the animals at the time of exposure, their environmental light history before exposure, 7 " 10 and their genetic characteristics 11 ' 12 also are recognized determinants of retinal lifht damage. In the rat, visible light-induced retinal damage exhibits an action spectrum that approximates the absorption spectrum of rhodopsin, 113 implicating photopigment bleaching as the initial event.
Although retinal light damage is widely thought to be a photochemical process, the sequence of events between the initial bleaching of rhodopsin and visual cell damage and death is unknown. Alterations in rhodopsin levels and the relative levels of retinal S-antigen (arrestin) and a-transducin, which are affected by light-and dark-rearing conditions, have been found to correlate with susceptibility to light damage. 914 Studies based on dietary manipulation of experimental animals 15 " 17 and pharmacologic approaches using antioxidants 18 " 24 suggest that oxidation also plays a role in the damage mechanism. For rats maintained in light for up to 3 days, Wiegand et al 25 found elevated levels of conjugated dienes and a reduced level of docosahexaenoic acid (22:6) in isolated rod outer segment (ROS) membranes. Recently, protection against retinal light damage has been reported in rats exposed briefly to hyperthermia before intense light treatment 26 or subjected to optic nerve section several days before exposure. 27 Ocular injections of basic fibroblast growth factor, before and after light treatment, also have been shown to reduce visual cell death. 28 Under ambient temperatures, long exposure times are normally required to induce measurable differences in the extent of retinal damage. This tends to mask the order of events between light-initiated photoreceptor damage and the subsequent responses that lead to visual cell death. To learn more about the sequence of damaging events during light exposure, we exposed rats to intense green light for short periods under hyperthermic conditions and then determined the extent of photoreceptor cell loss. Because the polyunsaturated fatty acid 22:6 is present in high concentration in ROS 2930 and its loss has been found to occur under conditions of prolonged light exposure 18, 25. 30. 31 w e m e a s u r e c i ROS 22:6 levels after the brief periods of light required to induce visual cell loss during hyperthermia.
MATERIALS AND METHODS

Animal Maintenance and Light Exposures
Male albino Sprague-Dawley rats were obtained (Harlan, Indianapolis, IN) as weanlings and maintained in a weak cyclic light environment for 40 days before use. The light environment consisted of 12 hours light per day provided by multiple 7-W night lights mounted on animal racks above the cages. Line voltage was regulated to provide between 20 and 40 lux illumination. Lights were programmed to be on daily from 8 AM to 8 PM. The animals were fed rat chow (Teklad, Madison, WI) ad libitum and had free access to water.
At approximately 60 days of age, the rats were dark adapted for 16 hours and then exposed to intense light for various periods of time.
The chamber used to provide hyperthermic light exposures was described originally by Noell et al. 1 It consists of four separate light exposure cylinders contained within a cabinet. Each was constructed with 9-inch OD circular green Plexiglas #2092 (Dayton Plastics, Dayton, OH), which transmits 490 to 580 nm light. The Plexiglas cylinders were mounted vertically over wire mesh to eliminate animal wastes and were surrounded by three circular 12-inch OD 32-W cool white fluorescent lamps (FC12T/CW, General Electric [Cisco Electric, Columbus, OH]). Commercial screening was placed between the bulbs and the cylinders to provide 1100 lux illumination within the cylinders. In some experiments, additional screens were used to reduce further the intensity of illumination. Individual rats were placed into the light-exposure cylinders at 8 AM and maintained in darkness for 2 hours before lights were turned on. Freshly heated and humidified air (60% to 70%) was circulated throughout the cabinet by small fans, and commercial heaters were regulated to provide environmental temperatures ranging from ambient to 37°C. Water and food were supplied to all animals during exposure. After the 2-hour dark acclimation period, lights were on for as long as 4 hours. Control rats were maintained in darkness under the same hyperthermic conditions. At the end of each experiment, rectal temperatures were determined. The rats then were killed immediately in carbon dioxide-saturated chambers or were returned to ambient temperature and maintained in darkness for as long as 2 weeks before sacrifice. The use of animals in this investigation conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Rhodopsin and Visual Cell DNA Measurements
The end point of photoreceptor cell loss was determined 2 weeks after hyperthermic light exposure by measuring whole eye rhodopsin levels, or rhodopsin in one eye and retinal DNA in the other eye of experimental animals. To estimate the loss of visual cells by rhodopsin analysis, comparisons were made between rhodopsin levels in the eyes of light-exposed animals and those in control rats kept in darkness under hyperthermia for the same period. After treatment, all rats were returned to ambient temperature and were maintained in darkness for 2 weeks. In some experiments, rhodopsin regeneration was determined in rats kept in darkness for periods of as much as 2 hours after 1-hour light exposure. Rhodopsin was extracted with 1.5% Emulphogene BC-720 detergent (GAF, Wayne, NJ), as described. Visual cell DNA levels were determined with a fluorescent dye binding assay originally described by Labarca and Paigen sa and modified for the rat retina by Noell et al. 20 Briefly, excised retinas were thoroughly homogenized in 0.42 M NaH 2 PO 4 buffer (pH, 7.4) containing 2.0 M NaCl and 50 //M ethylenediaminetetraacetic acid. Aliquots of the homogenate were mixed with Hoeschst dye #33258 (CalbiochemBehring, La Jolla, GA), at a final concentration of 1 y^g/ml, and fluorescence was determined at 356 and 458 nm, excitation and emission, respectively. 33 Photoreceptor cell DNA was determined by subtracting the DNA content of 6-month-old Royal College of Surgeons dystrophic rat retinas from the levels present in experimental and control rat retinas. Because retinas from old Royal College of Surgeons rats contain primarily inner retinal layers, and these layers are spared during light damage, comparisons between control and experimental rat retinal DNA levels gives a good estimate of the extent of visual cell loss.
Iipid Analysis and Histologic Procedures
To determine the effects of hyperthermia on retinal lipids, ROS were isolated from rats immediately after treatment and were analyzed for Iipid composition and total fatty acid content. Rod outer segments were isolated by discontinuous sucrose gradient ultracentrifugation, 34 and lipids were extracted from band I, the purest fraction of ROS, and a more dense fraction (band II) that also contains ROS.
14 In some experiments, hyperthermic light-treated rats were maintained in darkness at ambient temperature for 2 or 24 hours before ROS isolations were performed. Methods for the determination of ROS Iipid composition and total fatty acid analysis have been described. 1735 For comparisons of ROS purity and recovery, the mole percent cholesterol was determined, and total organic phosphate was calculated for the band I and II fractions.
The histologic effects of hyperthermia were evaluated with both light and electron microscopy. Two or three animals were killed under each of the following conditions: Control rats were placed in the hyperthermic chamber for 4 hours in darkness, followed by immediate sacrifice or by sacrifice after an additional 2 or 24 hours in the dark at room temperature. Experimental animals were acclimated in darkness for 2 hours in the hyperthermic chamber, followed by exposure to intense green light for 2 hours during hyperthermia. Animals were either killed immediately or after 2 or 24 hours of darkness at room temperature. After enucleation of the eye, the cornea and lens were removed, and the globes were placed in half-strength Karnovsky's fixative (2.5% glutaraldehyde-2% paraformaldehyde in 0.1 M sodium cacodylate buffer).
Twenty-four hours later, they were transferred to 0.1 M sodium cacodylate buffer, pH 7.4. Each eye was then bisected vertically through the optic nerve and divided into nasal and temporal halves. The nasal half was processed for glycol methacrylate. The temporal half was bisected horizontally into superior and inferior quadrants. Each quadrant was dissected into three pieces and processed for transmission electron microscopy. Thick sections (1 fim) were cut on an ultramicrotome and stained with toluidine blue. Thin sections were obtained and examined on a Zeiss (Thornwood, NY) EM-10.B.
Statistical Methods
Rhodopsin values presented in Figure 1 are the average of 3 to 11 pairs of eyes from rats treated at various temperatures and exposed or not exposed to light. Rhodopsin and visual cell DNA values in Tables 1  to 4 are presented as the mean of two to five separate determinations ± 1 SD (range). As appropriate, data were analyzed using a nonpaired t-test for significance. P < 0.05 was considered significant.
RESULTS
Effects of Hyperthermia and Light on Rhodopsin and Visual Cell DNA
Using whole eye rhodopsin measurements to assess the extent of visual cell loss, we found a remarkable increase in retinal damage as a function of environmental temperature and light exposure. As shown in Figure 1 , 4 hours of hyperthermic light treatment in rats maintained at an environmental temperature of 37°C resulted in an 80% loss of visual cells, compared with rats exposed to light at 22°C (euthermic). This dramatic difference in light damage susceptibility occurred over a relatively narrow range of core body temperatures: 39.7°C versus 36.9°C, respectively. Furthermore, there was a large difference between the extent of rhodopsin loss in rats exposed at 31° or 33°C and those treated at higher temperatures. For example, 4 hours of light at 33°C caused a 30% loss of rhodopsin, whereas exposure at 34.5°C resulted in a 60% decrease. Hyperthermic light damage was also time dependent. In each case, there was a nearly linear loss in rhodopsin for light exposures lasting up to 2 hours, although modest additional losses of rhodopsin were found for light exposures of between 2 and 4 hours duration. Accordingly, 50% rhodopsin loss oc- curred in rats exposed to light at 34.5°C for approximately 1.5 hours, whereas only 1 hour of light exposure resulted in a similar rhodopsin loss in rats maintained at a chamber temperature of 37°C. Figure 1 also shows that dark treatment of rats under hyperthermic conditions does not result in visual cell loss. Irrespective of the temperature used, rhodopsin was 1.8 ± 0.1 nmol per eye (n = 5) after the 2-hour dark acclimation period. This level of rhodopsin was identical to that found in cyclic light-reared rats dark adapted at room temperature. 8 3 For rats subsequently maintained for 2 weeks in darkness, rhodopsin per eye averaged 2.3 ± 0 . 1 nmol. Similar rhodopsin values were found in rats kept in darkness for 6 hours under hyperthermic conditions followed by the 2-week dark recovery period at room temperature.
To determine eye to eye variability in rats exposed to light under hyperthermic conditions, rhodopsin and visual cell DNA measurements were performed after light exposures of various durations. The data shown in Figure 2 are from rats treated at environmental temperatures of 33°C or 36°C. As shown in Figure  2A , there is a linear relationship between rhodopsin levels in the fellow eyes of rats treated with light at elevated temperatures. A least squares analysis of the data reveals that the slope is 1.019 ± 0.0195 and that the slope does not differ significantly from 1 (P = 0.3370). The Pearson correlation coefficient for this data (r = 0.9258) indicate that rhodopsin measured in the left eyes of rats is the same as the rhodopsin content in the right eyes. In Figure 2B , rhodopsin measured in the left eyes of rats is plotted as a function of visual cell DNA contained in the right eyes. These data show a strong correlation between the rhodopsin and DNA measurements (Pearson correlation coefficient, r = 0.9249). A linear regression analysis of the data yields a slope with a value of 1.0119 ± 0.0002. This indicates that rhodopsin measurements or visual cell DNA determinations provide the same estimate of visual cell loss from light exposure. Visual cell DNA was also determined in control animals previously maintained in darkness at ambient or elevated temperatures for 2 or 6 hours. In these rats, visual cell DNA levels were 187 ± 8 and 190 ± 8 //g (n = 5), respectively, for all temperatures used. Figure 3 shows that hyperthermic light damage is related to core body temperature and to the intensity of light used during exposure. In these experiments, rats were treated for 2 hours in chambers surrounded by screens to reduce the incident light. In some cases, the screens were removed to increase light intensity. Two environmental temperatures were used, resulting in core body temperatures of 38.4°C or 39.1°C. As shown in Figure 3 , 2 hours of light at an illuminance of 500 lux resulted in a loss of approximately 15% rhodopsin for rats having a core body temperature of 39.1°C. Approximately 60% rhodopsin loss occurred when the illuminance was either 1100 or 1400 lux. A similar 60% rhodopsin loss was found in rats with a lower core temperature (38.4°C) when the light level was increased to 1650 lux. In these rats, rhodopsin loss was only 40% when the light level was decreased to 1150 lux.
Hyperthermia also affected the rate of rhodopsin 
4-hour Dark (4)
Rod outer segments (ROS) were isolated from the 32/37% sucrose gradient interface, immediately after exposure. Results are the mean ± 1 SD for the number of determinations shown in parentheses. Values for 4-hour light-exposed rat ROS significantly different than for ROS from 4-hour darkmaintained rats. *P< 0.01; \P< 0.05.
regeneration. Some rats were treated with light for 1 hour at 22°C or at an elevated environmental temperature, followed by various periods of darkness at the higher temperature or at room temperature. Figure  4 shows that rats treated with light and maintained in darkness for 2 hours at 34.5°C regenerated an average of 1.6 nmol rhodopsin per eye; animals exposed to light and kept in darkness at 22°C regenerated 1.4 nmol of rhodopsin. These rhodopsin levels are 89% and 78%, respectively, of the value found in unexposed rats. Rats treated with light at the elevated temperature followed by darkness at 22°C exhibited a high rate of rhodopsin regeneration for the initial 30-minute period, but thereafter the rate of rhodopsin regeneration was the same as that in rats treated with light and maintained in darkness at 22°C. In both groups of rats, the level of rhodopsin after a 1-hour light exposure was 0.1 nmol/eye.
Effects of light and Hyperthermia on Rod Outer Segment Lipid Composition
To determine if polyunsaturated fatty acids were lost during light exposure under hyperthermic conditions, we measured the fatty acid compositions of various ROS preparations immediately after light treatment. Table 1 contains the results from the purest ROS fraction (band I) isolated from the 32% to 37% interface of the sucrose density gradients. In the unexposed Rod outer segments were isolated from the 37/42% sucrose gradient interface, immediately after exposure. Results are the mean ± 1 SD for the number of determinations shown in parentheses. Values for 2-or 4-hour light-exposed rats significantly different than for 4-hour dark-maintained rats. * P < 0.001; f P < 0.025; %P< 0.01; § P < 0.05. Immediately after exposure, band I rod outer segments were isolated from the 32/37% sucrose gradient interface, and band II rod outer segments were isolated from the 37/42% sucrose gradient interface. Results are the average ± 1 SD (range) for (n) separate determinations.
control and hyperthermic treated rats, the major ROS polyunsaturated fatty acids were 22:6 and arachidonic acid (20:4). Coupled with the major ROS saturated fatty acids, stearicacid (18:0), and palmitic acid (16:0), approximately 95% of the total was represented by these four fatty acids. Compared to the values for unexposed controls, hyperthermic treatment of rats in darkness at 36°C did not alter the ROS fatty acids. Similarly, 2 hours of light exposure at 36°C had no major effect on ROS fatty acids. Although 18:0 was lower and 22:6 was slightly higher than found in the hyperthermic dark controls, the changes were not significant. However, after 4 hours of hyperthermic light, myristic acid (14:0) was significantly higher whereas 18:0 was significantly lower than control; 22:6 and 20:4 levels were not significantly different. In all ROS, the cholesterol content, measured in the same extracts, was between 9 mol% and 11 mol%. As a measure of the lipid content in the ROS preparations, organic Results are the mean ± 1 SD (n) for band I rod outer segments isolated from rats treated with light for 2 hours at 34.5°C. Value significantly different than for 0-hour samples. * P < 0.01; f P < 0.025. 22:6 values were not significantly different.
phosphate levels also were determined. Hyperthermic light treatment of rats resulted in the recovery of less organic phosphate in band I ROS, but the losses averaged only 10% to 15% of the value for unexposed rats. Table 2 , which contains results from the band II fractions of the sucrose gradients, indicates that some of the ROS from hyperthermic rats are found at the higher density. In band II, the major unsaturated fatty acids were 22:6, 20:4 and oleic acid (18:1); the major saturates were 16:0 and 18:0. Whereas hyperthermic dark treatment for 4 hours resulted in a nearly identical fatty acid composition as found in the unexposed controls, hyperthermic light treatment produced a different fatty acid profile. After either 2-or 4-hour light exposures, the 22:6 content of band II was significantly higher than that found in the same fraction from rats treated in darkness at the elevated temperature. Myristic acid levels also were significantly higher in the 4-hour-light-treated hyperthermic rat band II lipids; 16:0 was significantly lower. Because band I ROS contain high levels of 22:6 and low levels of 16:0, these results are consistent with a partial dilution of the band II material by band I ROS with a higher density than normal. Additional evidence is provided by the lower cholesterol content of band II lipids at the 2-and 4-hour time points and the recovery of additional organic phosphate in those fractions, especially after 4 hours of light.
Phospholipid head group analysis was performed on the band I and band II fractions to determine if hyperthermia had any effect on ROS lipid composition. As shown in Table 3 , band I ROS contain high levels of phosphatidylethanolamine (PE) and phosphatidylcholine (PC), a moderate level of phosphatidylserine (PS), and low levels of phosphatidylinositol (PI) and sphingomyelin (SPH). No significant changes in band I ROS lipids were found after 6 hours of darkness or 4 hours of light exposure at 36°C. Analy-sis of the band II fraction indicated that PC and PE were also the predominate glycerophospholipids, but the PC-to-PE ratio was much higher than found in band I. Nearly comparable levels of PS were present in the band I and II fractions, whereas SPH and PI levels were higher in band II. Low levels of diphosphatidylglycerol and phosphatidylglycerol were also present in band II (1 mol% to 3 mol%), but these lipids were undetectable in band I ROS (data not shown). On average, 6 hours of darkness or 4 hours of light treatment at 36°C resulted in a slight elevation in the level of PE widiout an appreciable change in the content of other band II lipids.
To determine if 22:6 levels were altered after light exposure, band I ROS were isolated from hyperthermic light-exposed rats after various periods in darkness at ambient temperature. The results shown in Table 4 indicate that after either 2 or 24 hours of dark maintenance, ROS 22:6 was an average of 5 mol% lower than found in the light-treated rat ROS. Although myristic acid levels were significandy higher than in the 0-hour control, other fatty acids were nearly the same in the light-exposed rat ROS and those isolated from rats subsequently maintained in darkness. Despite the similarity in ROS fatty acid compositions, analysis of the cholesterol contents and total organic phosphate levels indicate that the ROS were altered 2 and 24 hours after light exposure. This was especially true in the 24-hour samples, which had a 2.4-fold higher cholesterol level and a significandy lower level of lipid phosphorous than found in control ROS.
Morphologic Changes During and After Hyperthermic Light Treatment
The retinas of animals kept under hyperthermic conditions for 4 hours, followed by either a 2-or 24-hour period in die dark at room temperature (Figs. 5A to 5C), appeared unremarkable. Photoreceptor inner segments (IS) and outer segments (OS) showed minimal damage when the animals were exposed to 2 hours of light under hyperthermic conditions and were killed immediately (Fig. 5D) . Retinas from animals sacrificed at the end of a 2-hour dark period (room temperature) after 2 hours of light under hyperdiermic conditions showed numerous pyknotic nuclei (Fig. 5E, white arrows) , disorganization of the OS region, and numerous phagosomes in the retinal pigment epithelium (RPE) (Fig. 5E, arrows) . Severe damage was seen throughout the photoreceptor layer when animals were exposed to hyperthermic light followed by a 24-hour dark period under euthermic conditions (Fig. 5F ). Significant photoreceptor cell death occurred, and photoreceptor nuclei appeared darkened and degenerative. Remaining IS and OS were reduced in length. Retinal pigment epithelial cells were filled with phagosomes. In some areas, the photoreceptor nuclear layer was reduced to only a few cells (Fig. 5F, white arrows) .
At the ultrastructural level, retinas exposed to light under hyperthermic conditions contained RPE cells filled with phagosomes and many vacuoles in the basal region of the RPE, which borders Bruch's membrane (Fig. 6A) . Increased RPE and photoreceptor cell damage occurred in hyperdiermic animals exposed to light followed by a 2-hour dark period at room temperature (Fig. 6B) . Intense vacuolization occurred at the basal region of the RPE, and phagosomes were tighdy packed in the apical RPE. Darkened profiles of degenerating OS were numerous. Increasing the dark period to 24 hours after light under hyperthermic conditions caused massive disorganization of OS and RPE (Fig. 6C) . The remaining OS were disorganized, and whorls of OS membranes appeared in the subretinal space.
DISCUSSION
The major findings of this study indicate that exposure of rats to visible light during a period of elevated body temperature causes a dramatic acceleration of visual cell damage, without a major effect on 22:6 levels in the purest fraction of ROS. As determined by rhodopsin or visual cell DNA measurements, the increase in photoreceptor loss occurred over a narrow range of core body temperatures (Figs. 1,2) . The two biochem-' ical measures of visual cell loss also exhibited a high degree of correlation (Fig. 2) . However, dark maintenance during hyperthermia did not result in a loss of either rhodopsin or visual cell DNA. As shown previously, 1 hyperthermic light damage was found to depend on the intensity of light during exposure (Fig.  3) and on the duration of light treatment (Fig. 1) . For rats maintained in darkness at an elevated temperature after a 1-hour light exposure, we also found an increased rate of rhodopsin regeneration (Fig. 4) . Based on earlier studies of light damage susceptibility in rats treated under euthermic conditions, 18 ' 33 24-hour light exposures at 1750 to 2000 lux are normally required to induce a 50% loss of rhodopsin. In this study, we found 50% rhodopsin losses after only 1.5 hours of 1100 lux light exposure at 34.5°C or 1 hour at an environmental temperature of 37°C. Thus, when compared with light treatment at ambient temperatures and considering the lower light intensity used, hyperthermic light exposure accelerates retinal light damage by at least 18-to 24-fold.
Using threshold measurements for funduscopic lesions in light-exposed rats, de Lint et al 36 found only a twofold increase in damage susceptibility over a 12°C FIGURE 5. Representative light micrographs of toluidine blue-stained l-/xm sections from retinas of control rats (A-C) maintained at 34.5°C and kept in the dark compared with experimental rats maintained in the dark at 34.5°C for an initial 2-hour period, and then exposed to 2 hours of light followed by either no dark period (D), a 2-hour dark period (E), or a 24-hour dark period (F). Original magnification, X550. Sections from retinas appear normal in animals maintained at 34.5°C and kept in the dark for varying periods of time (A-C). There is little damage to the retina in rats kept in the dark for 2 hours before a 2-hour exposure to light (D). Phagosomes (arrows) fill the retinal pigment epithelium (RPE) and subretinal space (arroivheads) in the animals exposed to 2 hours of light followed by a 2-hour dark period (E), and pyknotic nuclei (tohite arrows) are present in the outer nuclear layer (ONL). (F) RPE is filled with phagosomes (single arrows), the width of the IS is greatly reduced, and extensive cell death (while arrows) has occurred in the ONL. IS = inner segment; OSL = outer synaptic layer; INL = inner nuclear layer; ISL = inner synaptic layer; GCL = ganglion cell layer. ease in core body temperature. There are several rent reasons for these differences. In Noell's origistudy 1 and in this work, the experimental animals unanesthetized, whereas the rats were anesthetized eLint's study. Light damage was assessed by funcal electroretinography 1 or by biochemical and morlogic changes (this work) measured at various times light exposure. Although it is well known that ine light initiates retinal damage, visual cell loss and ir occurs to a large degree during the dark period light exposure 1 (see Fig. 5 ). At this time, a quantitative relationship between funduscopic lesions and v cell loss, or repair, in light-exposed rats has not b established. Our finding that hyperthermia incre rhodopsin regeneration also suggests that retinal me olism in general might be accelerated, but no such formation exists on the effects of anesthetics on ret metabolism in hyperthermic rats. Irrespective of c body temperature, ocular temperature is probably most important variable affecting hyperthermic l damage. Rinkoff et al 37 demonstrated just such an ef in light-exposed rabbits after ocular perfusion with FIGURE 6 . Electron micrographs (original magnification, X4700) illustrating portions of retinal pigment epithelium (RPE) and photoreceptor outer segments (OS) from the same animals as in Figures 5D to 5F . Large vacuoles (*) and numerous phagosomes (Ph) are present in the RPE, whereas the OS appeared normal in animals exposed to 2 hours of light under hyperthermic conditions and killed immediately (A). Numerous large vacuoles (*) are present in the RPE, and darkened, degenerating OS {arrows) are present in animals exposed to 2 hours of light under hyperthermic conditions followed by 2 hours at room temperature (B). Massive disruption of the OS and RPE is seen in animals exposed to light under hyperthermic conditions followed by 24 hours of darkness at room temperature (C). Destruction of die RPE is characterized by numerous osmiophilic lipid droplets (*) and disruption of the cytoplasm direcdy beneath the choriocapillaris {arrowheads). Massive disruption of the OS {open arrows) and whorls of degenerating OS membrane {double arrows) are present.
aintained at 39°C or 22°C. They found damage in tina and RPE on perfusion at 39°C but no damage the perfusion fluid was maintained at room temure. Measurements of ocular temperatures in rats, or without anesuhesia, might help to address the ences between this work and the study of de Lint 36 hereas light exposure during hyperthermia to massive loss of visual cells, brief hyperthermic ment several hours before euthermic light expoinduces protection against retinal light damage. 20 protection was found to correlate with heat shock in (HSP) synthesis and to be maximal 18 hours hyperthermia. 26 Using Western blot analysis of al extracts, we also found an induction of the HSP protein 26 after 4-hour light exposures at ted temperatures, but extensive visual cell loss occurred (data not shown). This suggests that ging reactions predominate in photoreceptors g hyperthermic light treatment. In another , the synthesis of retinal heme oxygenase-1, a 32-SP, was induced by intense light exposure, a proonsiderably reduced by pretreatment of rats with thylthiourea. 38 This indicates that light-induced tive stress also triggers HSP synthesis. At this the relative level of HSP formation in the inner al layers and in photoreceptor cells is unknown. rdingly, the protective effect of HSP formation ina during hyperthermic light exposure remains determined.
The acceleration of damaging events during perthermic light exposure offers the potential to cover new insights into the mechanism of retinal li damage. For example, one of the major questions garding light damage is the role of ROS 22:6 in damage process. Earlier studies using long-term li exposures under euthermic conditions showed t ROS 22:6 levels were substantially lower in lig treated rats than in unexposed animals. 18 ' 22 ' 2531 F thermore, conjugated dienes were found to be e vated in rats exposed to light for up to 3 days, 25 23 administered to rats before hyp thermic light exposure completely prevented the l of rhodopsin (data not shown). The present stu shows that 22:6 levels were not decreased in the pur fraction of ROS isolated immediately after hyperdi mic light exposure (Table 1) . Similarly, lipid he group analysis of band I ROS revealed no ma changes in lipid composition (Table 3) . Thus, the m jority of ROS isolated immediately after the brief pe ods of hyperthermic light exposure do not exhi major alterations in their membrane lipids.
An analysis of lipids contained in the higher d sity band II fraction of the sucrose gradients, howev reveals that some of the ROS have an altered dens after hyperthermic light exposure. The band II lip from light-exposed rats contained higher levels of 2 and lower levels of 16:0 than found in the unexposed control or dark-treated hyperthermic animals ( Table  2 ). The cholesterol contents of these band II fractions were also lower than control. These results are consistent with a dilution of band II material by band I ROS. In studies using intense-light-exposed rats, Wiegand et al 31 found an increase in the fraction of higher density ROS appearing in their sucrose gradients as the duration of light exposure was extended. Our results are also consistent with a change in density for a fraction of the band I ROS. In the 4-hour hyperthermic light-treated rats, the average yield of band I ROS lipid was approximately 15% less than that recovered in the unexposed rats (Table 1) , whereas band II contained 75 nmol more lipid ( Table 2) . Because of the mixing of ROS with other retinal lipids in the band II fraction, it is impossible to determine if 22:6 in the higher density fraction had been altered by light.
Our finding of altered ROS membranes in samples taken 2 hours or 24 hours after hyperthermic light exposure (Table 4) suggests that the loss of lipids is primarily a consequence of the progressive destruction of visual cells. As determined by their cholesterol levels, ROS isolated 24 hours after light exposure are different than ROS isolated immediately after light. Another indication that lipids are altered can be seen in the higher 14:0 levels of ROS appearing in the band I fractions of hyperthermic light-exposed rats (Tables  1, 4) . Surprisingly, however, average ROS 22:6 levels were only 5 mol% lower, and not significantly different, than those found in ROS isolated immediately after light. Thus, it appears that molecular replacement 39 a n d / o r de novo synthesis of fatty acids are altered by light exposure and that saturated fatty acids are more likely to be affected. This suggests that membrane lipid remodeling occurs during and after intense light treatment. As shown by the lower recovery of lipid phosphorous in band I ROS (Table 4) and by morphology (Fig. 5) , damaged ROS are also removed through phagocytosis by the RPE. Whether the uptake of damaged ROS by RPE results in damage to that cell layer 40 or not remains to be determined.
Morphologically, the ROS of light-damaged rats appear nearly normal immediately after hyperthermic exposure, and more abnormal in appearance 2 hours or 24 hours later (Figs. 5, 6 ). This indicates that damage progresses during the dark period after light 1 and that the ROS become increasingly involved as damage proceeds. Recently, Shahinfar and associates 41 found morphologic changes consistent with visual cell death in only 14% to 47% of the photoreceptors in rats exposed to light for 24 hours. Furthermore, most of the photoreceptor cell damage occurred between 16 and 24 hours of exposure. 41 Accordingly, the loss of 22:6 might be expected to be greater during the longterm light exposures required under euthermic conditions. The wide variety of antioxidants exhibiting protective effects against retinal light damage 17 " 24 is compelling evidence that oxidation is an essential component of the damage mechanism but that it is indiscriminate with respect to lipid, protein, or even DNA oxidation. Although this implicates 22:6 oxidation in the process of visual cell death, it suggests that the loss of 22:6 occurs in tandem with other destructive reactions in the photoreceptor cell. In the case of rats exposed to light during hyperthermia, the disappearance of 22:6 from ROS appears to be a secondary event in the pathologic sequence. Additional studies will be needed to determine the primary event(s) that occur during light-induced retinal damage.
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